In this letter, we study the prospect for using the low-redshift and high-redshift black hole shadows as a new cosmological standard ruler to measure the cosmological parameters. We show that, using the low-redshift observation of the black hole shadow of M87 , the Hubble constant can be independently measured at the precision of about 11%, with the measurement result H0 = 70±8 km s −1 Mpc −1 , well consistent with the measurement result from the gravitational-wave standard siren observation, but with smaller error. If we assume that in the current stage for single data points the errors are all similar, a naive estimation shows that only about 30 data of the the low-redshift observation of black hole shadows can be used to improve the measurement of H0 to be at the precision of about 2%. The high-redshift observations of supermassive black hole shadows might accurately measure a parameter combination of H0 and Ωm, and we show by a simple simulation that the combination of the black hole shadows with the type Ia supernovae observation would give precise measurements for cosmological parameters.
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The first ever image of the supermassive black hole M87 was recently captured by the Event Horizon Telescope (EHT), which actually opened a new era of studying black hole physics [1] [2] [3] . It was shown in Ref. [4] that the shadows of supermassive black holes can be used as a standard ruler in the study of cosmology.
It has been reported in Ref. [5] that the angular size of a black hole shadow in an expanding universe can be calculated with a high accuracy as α sh (z) = 3 √ 3m/D A (z), where α sh is the angular radius of the black hole shadow, z is the redshift of the expanding universe, m = GM/c 2 is the mass parameter for a black hole with mass M , and D A is the angular diameter distance in cosmology. Thus, if α sh can be measured by the very long baseline interferometry (VLBI) technology and M can be independently measured by an existing astrophysical method, then the angular diameter distance D A can be obtained in such a new way given by the measurement of shadows of supermassive black holes.
As shown in Ref. [4] , the shadow of a supermassive black hole could be observed in both low-redshift range (z 0.1) and high-redshift range (z > a few). In the redshift range of z 0.1, the shadow radius of a supermassive black hole can be larger than 1 µas if its mass is above 10 9 M , with M being the solar mass. Using the lowredshift measurements of the black hole shadows, combined with the independent measurements of the masses of supermassive black holes, one can give a measurement for the Hubble constant H 0 in a new way independent of the cosmic distance ladder. On the other hand, due to the fact that the angular diameter distance decreases at redshift z 1 in a realistic cosmological model, the angular size of a shadow is expected to increase at high redshift, and thus the shadow of a supermassive black hole at high redshift might be observed. For example, at z ∼ 10, the shadow size of a black hole with the mass compatible with that of M87 is only about one order of magnitude smaller than that of M87 . Therefore, if the mass of a high-redshift supermassive black hole can also be measured by an astrophysical method, then the angular diameter distance at high redshift can also be measured in such a new way of shadow of black hole. This potentially provides a new cosmological probe for the high redshift range of the universe.
The aims of this letter are the following two: (1) We wish to estimate what accuracy of the measurement of the Hubble constant the new probe from the black hole shadow of M87 can achieve. It is well-known that there is a great tension for the Hubble constant, at about the 4.4σ significance, between the local measurement using a distance ladder [6] and the cosmological fit using the Planck observation of the cosmic microwave background (CMB) anisotropies [7] . The distance ladder gives a higher value of H 0 , and the Planck observation favors a lower value of H 0 , and actually we do not know which one is correct. This is a great puzzle in today's cosmology, and we often say that cosmology is now at a crossroads. Obviously, solving this puzzle needs a third party providing an independent measurement of H 0 to make an arbitration. The black hole shadow method potentially can provide such a third party. (2) We wish to investigate what role the black hole shadow method can play in the cosmological parameter estimation. The new cosmological probe provided by the black hole shadow method can explore the expansion history of the universe in the high redshift range for which the current cosmological probes cannot provide any effective exploration. It is thus necessary to know if the black hole shadow method can be developed into a truly useful cosmological probe and what role it can play in the parameter estimation in the future.
FIG. 1:
The Hubble constant H0 determined by the black hole shadow of M87 . One-dimensional posterior distribution of H0 is shown by the blue curve, and the 68.3% (1σ) and 95.4% (2σ) confidence level intervals are indicated by dashed and dotted lines, respectively. The constraints on H0 at 1σ (darker shading) and 2σ (lighter shading) from Planck 2018 [7] and SHoES 2019 [6] are also shown in green and orange, respectively.
First, let us discuss the low-redshift case. The Hubble constant H 0 can be determined by the black hole shadow method, independent of distance ladder and cosmology. At nearby distances, the Hubble constant H 0 can be directly measured by the Hubble's law v H = H 0 d, where v H is the velocity of the local "Hubble flow" of a source and d is the distance to the source. At such near distances less than about 50 Mpc, all cosmological distance measures are different only at the order of v H /c, where c is the speed of light. Thus, obviously, in this case we approximately have d = D A . It is wellknown that the nearby massive elliptical galaxy M87 is the central galaxy of the Virgo cluster that is the closest galaxy cluster to the Milky Way. For the central radio source in M87, namely the black hole M87 , its mass can be measured by the stellar-dynamics observations, with the result recently obtained by Gebhardt et al. [8] M = (6.6±0.4)×10 9 M . The black hole shadow of M87 has now been measured by the EHT [3] , with the angular radius of it being α sh = 21.0 ± 1.5 µas. Therefore, using the relationship of the standard ruler provided by the black hole shadow method D A = 3 √ 3m/α sh , one can immediately obtain the distance to M87 , d = 16.12 ± 1.51 Mpc, well consistent with the measurement result using the traditional standard candle method adopted in Ref. [3] , d = 16.8
To determine the Hubble constant, one needs to obtain the Hubble flow velocity at the position of M87. We know that M87 is a part of the Virgo cluster, which has a center-of-mass recession velocity of 1283 km s −1 (with the redshift z = 0.00428 [9] ). Usually, the typical peculiar velocity is about 10% of the total recessional velocity at a nearby distance. We adopt the value of the peculiar velocity of M87 v p = 150 km s −1 [10] . The estimation for the error on the peculiar velocity is rather complex and difficult, and here we directly assume a 50% error for it. Actually, this estimation is fairly conservative. From these, we obtain a Hubble velocity v H = 1133 ± 75 km s −1 . Once the distance and the Hubble velocity are determined, we can then constrain the value of the Hubble constant, and we obtain the result of H 0 = 70 ± 8 km s −1 Mpc −1 . This is a 11% measurement for the Hubble constant. This result is in excellent agreement with the one determined from the gravitational-wave standard siren observation [11] , but it is also obvious that the error of our result is slightly smaller. In Fig. 1 , we show the marginalized posterior distribution for our determination of H 0 .
The measurement results of H 0 from Planck 2018 [7] and SHoES 2019 [6] are also shown (as green and orange bands) in Fig. 1 . We can clearly see that our determination of H 0 with the black hole shadow of M87 cannot make an arbitration for the Hubble constant tension yet, because we currently have only one actual data point and the uncertainty of its determination of H 0 is still large, around 11%. In the future, it is expected that the measurement accuracies of both shadows and masses of supermassive black holes would be continuously improved, and thus the determination of H 0 from black hole shadows as a third party might make important contributions to the arbitration of the Hubble constant tension. If we assume that in the current stage for single data points the errors are all similar, then the error of H 0 from the measurements of black hole shadow standard rulers will be decreased to 11%/ √ N , with N being the number of data accumulated, by a naive estimation. Thus, in the future, about 30 data points would make the error of H 0 decrease to about 2%, comparable to the error of the current distance ladder result. Here, we also mention the gravitational-wave standard siren measurement of the Hubble constant from the multi-messenger observation of the binary neutron star merger event (GW170817) [12] , with the result being H 0 = 70 +12 −8 km s −1 Mpc −1 [11] , which is also independent of the distance ladder. It is reported in Ref. [13] that a 2% H 0 measurement from standard sirens will be achieved within five years (with about 50 events that will be observed by the Advanced LIGOVirgo network). See Ref. [14] for a recent brief review for gravitational-wave standard sirens and cosmological parameter measurements. We expect that the black hole shadow standard ruler observation could also be greatly developed in the forthcoming years.
Next, we wish to further discuss the high-redshift case. At large cosmological distances, it is possible to use the angular sizes of black hole shadows as standard ruler to probe the expansion history of the universe at very high redshifts (z ∼ 10) where it is extremely hard to explore with existing observations, provided that the masses of supermassive black holes at high redshifts can be determined in an independent astrophysical way. As shown in Ref. [4] , to measure the angular size of a supermassive black hole shadow in the high redshift range, it is necessary to reach the angular resolution of about 0.1 µas. Although it is extremely challenging, as shown in Ref. [4] it will be possible once the VLBI technology in optical bands is developed because it can increase the resolution by orders of magnitude due to the shorter wavelengths employed. To determine the masses of supermassive black holes at high redshifts, one can consider to use the reverberation mapping method that is another way to determine black hole mass dynamically, other than the usual ways based on stellar or gas dynamics for nearby black holes. Of course, at the current stage, the uncertainties for the mass determination of black holes are still large. However, once the observations and the theoretical understandings are improved in the future, it is possible to greatly change the situation and to weigh supermassive black holes at high redshifts in a precision way.
It is of great interest to know what role the new cosmological probe based on the black hole shadow method can play in the cosmological parameter estimation in the future. We will use a simple simulation to investigate this issue. In the following, we use only 10 simulated data to perform this analysis. The 10 simulated data are shown in Fig. 2 . In the simulation, we employ the standard flat Λ cold dark matter (ΛCDM) model (with Ω m = 0.3 and H 0 = 70 km s −1 Mpc −1 ) as a fiducial model. We assume that in the future the resolution of angular size measurement of black hole shadows can reach 0.1 µas, and the masses of black holes can be well measured, with the uncertainty around 10%. We thus simulate the data with uniform distributions in the redshift interval of z ∈ [7, 9] and in the mass interval of M ∈ [10 9 , 10 10 ] M , as shown in Fig. 2 . In the figure, the two black solid lines from bottom to top denote the α sh (z) evolution for a supermassive black hole with a mass of 10 9 and 10 10 M , respectively. The point of M87 (as an orange circle) is also shown in this figure.
We use these 10 simulated data to constrain the ΛCDM model, with the constraint result shown in Fig. 3 . We can clearly see that, with only 10 high-redshift black hole shadow data, neither Ω m nor H 0 can be tightly constrained, and actually only a combination of Ω m and H 0 can be accurately determined, exhibited as a grey narrow stripe in the Ω m -H 0 plane. Comparing the constraints on Ω m and H 0 , we observe from the narrow stripe that the constraint on Ω m is relatively much weaker. This reminds us that the constraints from the type Ia supernovae (SN) observation might provide a helpful complement to those from the black hole shadow measurements, because the SN observation can only tightly constrain Ω m but is completely unable to constrain H 0 . Therefore, we also use the latest Pantheon compilation [15] of the SN observation to constrain the ΛCDM model, with the result shown as a red band in the Ω m -H 0 plane in Fig. 3 . We can clearly see that the parameter degeneracies formed respectively by the black hole shadow and SN observations are thoroughly broken by them with each other. The combined data sets of the two give rather tight constraint results: Ω m = 0.301 ± 0.022 and H 0 = 70.3 ± 3.1 km s −1 Mpc −1 . In summary, we discuss in this letter the prospect for using the measurements of black hole shadows as cosmological standard rulers to measure the cosmological parameters. In the low redshift range, the black hole shadows can be used to measure the Hubble constant, in an independent way of the distance ladder. For example, using the actual observation of the black hole shadow of M87 , combined with its mass measurement with the stellar-dynamics observation, we determine the Hubble constant at the precision of about 11%, with the result being H 0 = 70 ± 8 km s −1 Mpc −1 . This result currently cannot make an arbitration for the Hubble constant ten-sion yet. A naive estimation shows that, to obtain a 2% measurement of the Hubble constant from the black hole shadow standard rulers, we need only about 30 data in the current stage. It is also possible to use the angular sizes of black hole shadows as standard rulers to probe the expansion history of the universe at very high redshifts (z ∼ 10), provided that the black hole masses can be determined at such high redshifts in an independent way. This is extremely challenging but not impossible in the future. It is thus of great interest to know what role such a new cosmological probe will play in the cosmological parameter estimation in the future. We show this by using a simple simulation. We find that using only 10 simulated data a combination of H 0 and Ω m can be constrained (shown as a narrow stripe in the Ω m -H 0 plane), and we further show that the SN observation can provide a rather helpful complement to this cosmological probe, and the combination with the SN observation will break the parameter degeneracy thoroughly, giving rather tight constraints on H 0 and Ω m . We expect that in the future the black hole shadow standard rulers would be developed into a new important cosmological probe, significantly promoting the development of the cosmological parameter measurements.
